Hydrogen sulphide (H2S) has long been known as a toxic gas [14] . However, it has emerged that H2S is also generated in mammalian tissues from the amino acids L-cysteine and homocysteine by pyridoxal-5Ј-phosphate-dependent enzymes such as cystathionine-␤-synthase (CBS, EC4.2.1.22) and cystathionine-␥-lyase (CSE, EC4.4.1.1) [26, 28] . CBS converts homocysteine to cystathionine and hydrolyses L-cysteine to equimolar amounts of serine and H2S whereas CSE converts cystathionine to L-cysteine yielding pyruvate, NH3 and H2S [28] . Nitric oxide (NO) and carbon monoxide (CO) now including H2S are growing family of regulatory gaseous molecules involved in various physiological and pathological functions in mammalian tissues [32] . In contrast to other gaseous mediators (NO and CO [31, 33] ) very little information exists on the mechanism by which H2S influences cell function. 
Physiological levels of H2S in rat serum vary from 30 to 45µM [24, 27, 35] and in mouse serum, ~23µM [10] and within this concentration range H2S induces relaxation of aorta tissues and induces transient blood pressure reduction [37] . Vascular effect of H2S may also be mediated by a direct stimulation of KATP channels with subsequent hyperpolarization of rat aortic vascular smooth muscle in mesenteric artery, aorta, and portal vein [17, 37] . Consistent with this, a reduced CSE expression/ activity and decreased H2S concentration contributes to the pathophysiology of pulmonary hypertension in rodents [34] whereas CBS deficiency leads to hyperhomocysteinemia, increased blood pressure and endothelial dysfunction [13] . In rodents, CBS deficiency induced by genetic deletion [13] or chronic treatment with DLpropargylglycine (PAG), an irreversible inhibitor of CSE [34] , results in a severe hypertension and severe loss of endothelial function.
We have previously reported that caeruleininduced acute pancreatitis up-regulates pancreas CSE mRNA expression and H2S biosynthesis. Therapeutic administration of PAG reduces the severity of caerulein-induced pancreatitis and affords protection against associated lung injury in mice [10] . A similar pro-inflammatory effect of H2S has also been reported in other animal models of hindpaw edema [9] , lipopolysaccharide (LPS) induced endotoxemia [24] as well as cecal ligation and puncture (CLP) induced sepsis [36] . In these studies, tissue CSE expression is up-regulated leading to increased H2S biosynthesis whereas inhibition of H2S formation has been shown to display distinct anti-inflammatory activity [9, 24, 36] . Therefore, it is emerging that H2S is an additional and important physiological mediator in inflammation.
Acute pancreatitis is a common clinical condition, the incidence of which has been increasing over recent years [2-4, 6, 7] . It is generally believed that the earliest events in acute pancreatitis occur within acinar cells. In vitro and in vivo data [8] indicate that the earliest event and most important factor responsible for acute pancreatitis are the increase and the activation of intra-acinar digestive enzymes. After this initial insult, other components (ischemia, pancreatic glutathione deficiency, oxygen free radicals, cell death and inflammatory mediators) intervene to worsen pancreatitis. Increasing evidence indicates that neurogenic pro-inflammatory factors, such as substance P (SP), can play important roles in determining the severity of acute pancreatitis [19] both in mice and rats. SP belongs to the tachykinin family of neuropeptides, derived from the preprotachykinin (PPT-A) gene. It is a neurotransmitter and pain mediator released from both central and peripheral endings of primary afferent neurons as well as from various inflammatory cells [16, 25] . The biological actions of SP are mediated primarily by neurokinin-1 receptors (NK-1R). Previous data [1] showed that SP levels and NK-1R in pancreatic acinar cells are upregulated during experimental pancreatitis in mice. In addition, NK-1R deletion or antagonism protects mice against pancreatitis [5, 15] . Further study showed that the antagonist treatment suppressed the increase in pancreatic and lung PPT-A mRNA expression and SP protein levels in acute pancreatitis [21] .
Although recent studies have demonstrated that H2S plays a key role in inflammation, the cellular source of H2S and the mechanism by which H2S acts as an inflammatory mediator in pancreas is yet to be found. To this end we have identified H2S synthesizing enzyme activity, CSE and CBS mRNA expression in pancreatic acinar cells. The effect of H2S concentration, CBS and CSE mRNA in cholecystokinin (CCK) secretagogue caerulein-treated acinar cells has been monitored. Moreover we have investigated whether H2S as pro-inflammatory molecule is involved in SP-NK-1R related pathway in mouse pancreatic acinar cells. We induced acinar cells with caerulein (10 -7 M) and studied the effect of PAG (3 mM) an irreversible inhibitor of H2S-synthesizing enzyme CSE, on SP levels, PPT-A and NK-1R mRNA expression. We have also assessed the proinflammatory effect of the H2S donor, sodium hydrosulphide (NaHS) in acinar cells.
Materials and methods

Preparation of pancreatic acini
All experiments were approved by the animal ethics committee of National University of Singapore, Singapore and carried out in accordance with the established Guiding Principles for Animal Research. Pancreatic acini were obtained from mouse pancreas by collagenase treatment as described earlier [1] . Briefly, pancreata from male Swiss albino mice (25-30 g) were removed under aseptic conditions, infused with collagenase buffer A (in mM: 140 NaCl, 4.7 KCl, 1.13 MgCl2, 1 CaCl2, 10 glucose, and 10 HEPES, pH 7.2) containing 200 IU/ml collagenase and 0.5 mg/ml soybean trypsin inhibitor, and incubated in a shaking water bath for 10 min at 37°C. The digested tissue was passed through 50 mg/ml BSA and washed twice with collagenase buffer A before further experiments. PAG was purchased from SIGMA. Caerulein was obtained from Bachem (Bubendorf, Switzerland).
Pancreatic acini were suspended in Weymouth's MB 752/1 medium (containing 0.1% BSA, 0.5 mg/ml soybean trypsin inhibitor, 25 ng/ml epidermal growth factor, and antibiotics) and treated with or without caerulein (10 -7 M) at 37°C in a shaker water bath for 30 and 60 min, respectively. In some experiment cells were pretreated with PAG (2, 3, 4 and 5 mM) for 30 and 60 min before addition of caerulein and in other experiment cells were treated with NaHS (10, 50 and 100 µM) for 30 min. Cell viability was measured by trypan blue exclusion and no significant changes were observed upon treatment.
Assay of H 2 S synthesizing activity in pancreatic acini
H2S biosynthesis in pancreatic acini was measured essentially as described previously [30] . Frozen cells were thawed on ice and homogenized in ice-cold 100 mM potassium phosphate buffer (pH 7.4). The reaction mixture (total volume, 500 µl) contained homogenate (430 µl), L-cysteine (10 mM; 20 µl), pyridoxal 5Ј-phosphate (2 mM; 20 µl), and saline (30 µl). The reaction was performed in parafilmed eppendorf tubes and initiated by transferring the tubes from ice to a water bath at 37°C. In some experiments, the enzymatic reaction was stopped immediately by addition of trichloroacetic acid (10% w/v, 250 l) to denature protein prior to addition of L-cysteine. After incubation for 30 min, zinc acetate (1% w/v, 250 l) was added to trap evolved H2S, followed by trichloroacetic acid (10% w/v, 250 l). Subsequently, N,N-dimethyl-p-phenylenediamine sulphate (20 M, 133 l) in 7.2 M HCl and FeCl3 (30 M, 133 l) in 1.2 M HCl were added and the absorbance of the resulting solution (670 nm) measured 15 min thereafter, using a 96-well microplate reader (Tecan Systems Inc.). The H2S concentration of each sample was calculated against a calibration curve of sodium hydrosulphide (NaHS; 3.12-250 M) and results are expressed as nmol H2S formed mg -1 DNA [24] .
Measurement of H 2 S in pancreatic acini
The reaction mixture contained cell homogenate (450 µl); trichloroacetic acid (10% w/v, 300 µl), zinc acetate (1% w/v, 150 µl), N,N-dimethyl-p-phenylenediamine sulphate (20 µM; 100 µl) in 7.2 M HCl and ferric chloride (30 µM; 133 µl) in 1.2 M HCl in 96-well plates. The absorbance of the resulting solution (670 nm) was measured 15 min thereafter [12] . The basis of the assay is that H2S produced in the incubate reacts with zinc acetate to form zinc sulphide which then dissolves in hydrochloride acid solution of N,Ndimethyl-p-phenylenediamine sulphate yielding, in the presence of ferric chloride, methylene blue, which is quantitated spectrophotometrically. H2S was calculated against a calibration curve of NaHS (3.125-100 µM). Results showed plasma H2S concentration in the micromolar range.
Measurement of Substance P levels
Pancreatic acinar cells were homogenized in 2 ml ice-cold assay buffer for 20 sec. The homogenates were centrifuged (13 000 ϫ g, 20 min, 4°C) and the supernatants were collected. They were adsorbed on C18 cartridge columns (Bachem) as described [21] . The adsorbed peptides were eluted with 1.5 ml 75% v/v acetonitrile. The samples were freeze-dried and reconstituted in assay buffer. Substance P content was then determined using an ELISA kit (Bachem) according to the manufacturer's instructions and expressed as ng/µg DNA [20] .
RT-PCR
Total RNA from isolated pancreatic acinar cell was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol [10] . The concentration of isolated nucleic acids were determined spectrophotometrically by measuring the absorbance at 260 nm, and the integrity was verified by ethidium bromide staining of 18S and 28S rRNA bands on a denaturing agarose gel. All samples were thereafter stored at -80°C until required. RNA (1 µg) was reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) at 25°C for 5 min and 42°C for 30 min, followed by 85°C for 5 min. The cDNA was used as a template for PCR amplification by iQ Supermix (Bio-Rad). The PCR primers (Table 1) for detection of CSE, CBS, PPT-A and NK-1R were synthesized by Proligo (Singapore). The reaction mixture was first subjected to 95°C for 3 min for the activation of polymerase. This was followed by an optimal cycle of amplifications (Table 1) , consisting of 95°C for 30 sec optimal annealing temperature (Table 1) for 72°C for 30 sec. PCR amplification was carried out in MyCycler (Bio-Rad, Hercules, CA, USA). PCR products were analyzed on 1.5% w/v agarose gels containing 0.5 µg/ml ethidium bromide.
Statistical analysis
Data are expressed as the mean ± standard error of the mean (S.E.M.). In all figures, vertical error bars denote the S.E.M. The absence of such error bars indicates that the S.E.M. falls within the dimensions of the data bar. The significance of differences between groups was evaluated by analysis of variance (ANOVA), with post hoc Tukey's test when comparing three or more groups. A P-value of less than 0.05 was considered statistically significant.
Results
Production of H 2 S by pancreatic acini in response to caerulein treatment
Pancreatic acinar cells were stimulated with caerulein (10 -7 M) for 30 and 60 min at 37°C. After which the pellet was used to assess the levels of H2S. Figure 1 shows a significant increase in H2S levels following 60 min incubation with caerulein. In freshly prepared acinar cells, levels of H2S were 10.5 ± 0.8 M. Whereas H2S levels increased from 11. 
CSE and CBS mRNA expression and H 2 S synthesis in the pancreatic acini
Pancreatic acinar cells were found to express the gene for the H2S forming enzyme CSE and CBS, as evidenced by RT-PCR extracted from these cells ( Fig. 2A and B) . In addition, incubation of acinar cell homogenates with L-cysteine resulted in the formation of H2S, showing the presence of H2S synthesizing enzyme activity in the cells (Fig. 3A) .
To determine whether CSE and CBS mRNA expression is regulated by caerulein, we extracted total RNA from isolated acinar cells incubated for 30 and 60 min with or without caerulein. Figure 2A 
Effect of DL-propargylglycine (PAG) on H 2 S synthesizing activity
As CSE mRNA is up-regulated after caerulein treatment in acinar cells, we decided to investigate whether an inhibitor of CSE enzyme might exhibit anti-inflammatory activity. PAG was chosen for these experiments since it produces an irreversible inhibition of CSE [29] , crosses biological membranes readily, and has been shown to cause longlasting CSE inhibition after administration in animals [19] . Isolated pancreatic acinar cells were treated for 30 and 60 min at 37°C with different concentrations of PAG (2-5 mM). Only 60 min treatment with PAG at a dose of 3 mM showed maximum decrease in H2S production when compared with control cells (Fig.  3A) . The dose of 3 mM of PAG was used to carry out subsequent experiments. As shown in Figure 3B treatment of pancreatic acini with caerulein caused a significant increase in H2S production. Pretreatment of acini with 3 mM of PAG followed by stimulation with caerulein significantly attenuated the production of H2S when compared with caerulein treated cells. (P < 0.001). Since PAG does not block CBS activity either in vitro [30] or after administration in experimental animals in vivo [29] , it is therefore likely that the observed rise in H2S in caerulein treated acinar cells may be due to enhanced CSE enzyme activity.
Effect of PAG pretreatment on substance P level and PPT-A mRNA expression in pancreatic acinar cells Figure 4 shows the concentration of SP in the pancreatic acinar cells. As expected, hyper stimulation by caerulein increased the levels of SP in acinar cells (P < 0.001). Pretreatment of acini with 3 mM PAG followed by stimulation with caerulein significantly suppressed the SP concentration when compared with caerulein treated cells (P < 0.05). Densitometry analysis of the PCR products on agarose gel shows that the PPT-A mRNA expression increased in caerulein induced acinar cells (P < 0.001) and pretreatment with 3 mM PAG resulted in a significant decrease in PPT-A gene expression (P < 0.001; Fig. 5A ).
Effect of PAG treatment on NK-1R mRNA expression in pancreatic acinar cells
A significant increase in NK-1R mRNA expression was observed in caerulein-treated pancreatic acinar cells (P < 0.001; Fig. 5B ). However, pretreatment with 3 mM PAG followed by stimulation with caerulein suppressed NK-1R expression when compared with caerulein treated acinar cells (P < 0.05; 
NK1-R PPTA 18S 18S
A B The graphs represent the optical density of the bands of PPT-A generated from six independent experiments that were normalized with the expression of 18S. ***P < 0.001 between control and caerulein treated cells. (B) NK-1 receptor mRNA expression in control, caerulein-treated (10 -7 M for 60 min) and PAG pretreated (3 mM) (60 min before caerulein treatment) cells. The graphs represent the optical density of the bands of NK-1 receptor generated from six independent experiments that were normalized with the expression of 18S. ***P < 0.001 between caerulein and PAG pretreated cells.
on SP level. As shown in Fig. 6 (P < 0.01) 100 µM of NaHS significantly increased SP level in pancreatic acinar cells after 30 min treatment. In addition, PPT-A (P < 0.05; Fig 7A) and NK-1R expression were markedly increased 30 min after treatment with NaHS (P < 0.01; Fig 7B) .
Discussion
H2S is increasingly recognized as a functionally relevant mediator of a number of physiological functions in mammalian tissues. It is generated endogenously during L-cysteine metabolism in many types of mammalian cells in the reaction catalyzed by cystathionine ␤-synthase and cystathionine ␥-lyase [26, 28] . We have previously reported that caerulein induced acute pancreatitis up regulates pancreas CSE mRNA expression and H2S biosynthesis. Therefore it causes a significant increase in plasma H2S concentration [10] . PPT-A mRNA expression in control and NaHS-treated (10, 50 and 100 µM) cells. The graphs represent the optical density of the bands of PPT-A generated from six independent experiments that were normalized with the expression of ␤-actin . *P < 0.05 between control and NaHS-treated cells. (B) NK-1R mRNA expression in control and NaHS-treated (10, 50 and 100 µM) cells. The graphs represent the optical density of the bands of NK-1R generated from six independent experiments that were normalized with the expression of ␤-actin. ***P < 0.001 between control and NaHS-induced cells.
whereas exogenous H2S results in augmented MPO activity as well as histological changes in lung and pancreas [10] . A similar pro-inflammatory effect of H2S has also been reported in other animal models of inflammatory diseases, such as hindpaw edema [9] , cecal ligation-induced sepsis [26] and lipopolysaccharide induced endotoxemia [24] . Based on these findings, we have proposed that H2S acts as a pro-inflammatory mediator. However, the precise mechanism by which H2S acts as an inflammatory mediator during acute pancreatitis remains unknown. Therefore, we went on to investigate the role of endogenous H2S in caerulein-treated pancreatic acinar cells. We show here that mRNA for CSE and CBS are expressed in acinar cells ( Fig. 2A and B) and the pancreatic acinar cell homogenates convert L-cysteine to H2S ex vivo (Fig. 1) . With the use of caerulein stimulated pancreatic acini, a well-established in vitro model for pancreatitis [23] , our findings indicated an important role of H2S in pancreatic acinar cells. Stimulation of pancreatic acini with caerulein has significantly increased CSE mRNA expression ( Fig. 2A) . CBS mRNA expression, however reduced on caerulein treatment (Fig. 2B) . The H2S synthesizing enzyme activity was also found to be elevated in the cells (Fig. 3B) . It is reasonable to conclude that caerulein treatment up-regulates CSE expression and the CSE activity. The present study shows that, although both CBS and CSE are expressed by the pancreatic acinar cells, CSE may be the main enzyme involved in the H2S generation in the caerulein-induced pancreatic acinar cells. Consistent with this concept, exposure of the acinar cells to PAG, inhibits H2S formation (Fig. 3B) . Inhibition of H2S synthesis using pharmacological agents acting on CSE has been shown to reduce inflammation [24] and swelling [9] . In our previous study, we have reported that therapeutic administration of PAG reduces the severity of caerulein-induced pancreatitis and affords protection against associated lung injury in mice [10] . As PAG elicits a complete and irreversible inactivation of CSE activity in vitro [18, 27] , our finding suggests that CSE may be the enzyme mainly responsible for H2S formation in acinar cells.
In the present study, we observed a novel interaction between two groups of pro-inflammatory mediators -H2S and the neuropeptide substance P. Inhibition of endogenous H2S, with specific CSE inhibitor PAG resulted in attenuation in caeruleininduced SP release (Fig. 4) , PPT-A and NK-1R expression ( Fig. 5A and B) . This suggests the proinflammatory effect of H2S are mediated by the release of SP. SP in turn is mediated by NK-1R in pancreatic acini.
Previously, it has been demonstrated that SP has an important role in mediating H2S-induced lung inflammation [11] . Genetic deletion of PPT-A and NK-1R reduced the severity of acute pancreatitis and associated lung injury [1, 5, 15] . We have earlier showed that NK-1R antagonist protected mice against caerulein-induced acute pancreatitis and associated lung injury (21) . Further study showed that the antagonist treatment suppressed the increase in pancreatic and lung PPT-A expression and SP release in acute pancreatitis [22] . Our recent study demonstrated that H2S-induced SP release is inhibited by CP 96,345, a specific antagonist for NK-1R [11] . The above result suggests that part of the anti-inflammatory action of NK-1R antagonist may be mediated by a lowering of intracellular H2S production at sites of inflammation. Our result suggests the possibility that part of the known anti-inflammatory actions of CSE inhibitor may be mediated through an inhibition of SP-induced inflammation, although obviously other inflammatory mediators such as adhesion molecules, cytokines and nitric oxide in the interplay between H2S and SP may also be involved.
Since inhibition of endogenous H2S biosynthesis by PAG significantly reduced the SP release, we thought it of value to determine whether H2S itself is involved in SP-NK-1R-related pathway in acinar cells. For this purpose, we used the H2S donor, NaHS, to produce H2S. When mouse pancreatic acini were treated with NaHS, there was a significant increase in SP (Fig. 6) , and up regulation of PPT-A and NK-1R expression in acinar cells (Fig. 7A and B) , indicating that H2S by itself induces SP release and SP is mediated through the NK-1R. Our results demonstrate a novel role of H2S in SP-NK-1R-related pathway in pancreatic acinar cells.
In conclusion, we have shown that caerulein upregulates CSE gene expression and lead to enhanced H2S biosynthesis in acinar cells. Caerulein induced inflammation is attenuated by inhibition of CSE activity by PAG. These results suggest that H2S plays a role in caerulein-induced acinar cell inflammation and inhibition of H2S synthesis may be useful in the therapy of inflammation. An extended knowledge of the biological and molecular alterations linked to H2S and acute pancreatitis will open the way for new therapies for this life-threatening condition.
